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ABSTRACT

Background: Myocardial ischemia—reperfusion (I/R) injury remains an important determinant of
cardiomyocyte loss and impaired ventricular recovery despite successful restoration of coronary
blood flow. Activation of the NLRP3 inflammasome may couple reperfusion-associated cellular
stress to caspase-1-dependent gasdermin D (GSDMD) cleavage and pyroptotic cell injury. This
study investigated the contribution of the NLRP3-caspase-1-GSDMD axis to myocardial I/R
injury and evaluated the cardioprotective effects of pharmacological NLRP3 inhibition.

Methods: Adult male C57BL/6J mice were randomized to Sham, Sham + MCC950, I/R, or I/R +
MCC950 groups (n = 12/group). Myocardial I/R was induced by 30 min of left anterior descending
coronary artery occlusion followed by 24 h of reperfusion. MCC950 (10 mg/kg, intraperitoneally)
was used to inhibit NLRP3 activation. The primary outcome was infarct size relative to the area at
risk (AAR), assessed by Evans blue/2,3,5-triphenyltetrazolium chloride staining. Cardiac function
was evaluated by echocardiography, and myocardial injury was assessed using cardiac troponin |
(cTnl), creatine kinase-MB (CK-MB), and histopathology. NLRP3, ASC, cleaved caspase-1, and
GSDMD-N were evaluated as components of inflammasome/pyroptotic signaling. Myocardial IL-
1B and IL-18, oxidative-stress indices, and TUNEL positivity were additionally assessed.
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Results: The AAR was comparable between I/R and I/R + MCC950 groups (46.8 + 5.7% vs 45.9
+ 5.3%; P = 0.71), whereas MCC950 reduced infarct size from 45.7 + 6.8% to 27.4 + 5.9% of the
AAR (P <0.001). I/R markedly impaired left ventricular systolic function, reducing left ventricular
ejection fraction (LVEF) to 43.6 £ 6.1%, compared with 72.1 + 4.3% in Sham animals; MCC950
preserved LVEF at 58.9 + 5.4% (P < 0.001 vs I/R). MCC950 also reduced c¢Tnl (8.74 + 1.62 to
4.31 + 1.18 ng/mL) and CK-MB (38.6 + 6.7 to 21.4 + 4.8 ng/mL; both P < 0.001) and attenuated
histopathological myocardial injury. Mechanistically, I/R produced coordinated increases in
NLRP3 and ASC expression, caspase-1 cleavage, GSDMD-N formation, and IL-1p and IL-18
concentrations. MCC950 significantly suppressed these changes and was additionally associated
with reduced lipid peroxidation, restoration of endogenous antioxidant defenses, and decreased
TUNEL-positive myocardial nuclei. NLRP3 and GSDMD-N expression correlated positively with
infarct size and inversely with ventricular systolic function.

Conclusion: Myocardial I/R induces coordinated activation of the NLRP3-ASC-caspase-1—
GSDMD pathway, linking inflammasome signaling to pyroptotic/inflammatory myocardial injury,
infarct expansion, and acute ventricular dysfunction. Pharmacological NLRP3 inhibition attenuated
downstream pyroptotic signaling and produced concordant molecular, biochemical, structural, and
functional cardioprotection. These findings identify the NLRP3—caspase-1-GSDMD axis as a
potentially actionable therapeutic pathway for limiting myocardial reperfusion injury.

Keywords: NLRP3 inflammasome; pyroptosis; myocardial ischemia—reperfusion injury; MCC950;
gasdermin D; caspase-1; myocardial infarction.

INTRODUCTION

Acute myocardial infarction remains a major cause of cardiovascular morbidity, mortality, and
subsequent heart failure worldwide. Timely restoration of coronary blood flow through primary
percutaneous coronary intervention or pharmacological reperfusion is essential for salvaging viable
myocardium and improving clinical outcomes. Paradoxically, however, the restoration of
oxygenated blood to previously ischemic tissue can itself initiate additional cardiomyocyte injury,
a phenomenon termed myocardial ischemia—reperfusion (I/R) injury [1,2]. This complex process
can substantially influence final infarct size and subsequent ventricular remodeling and is driven
by interconnected disturbances involving oxidative stress, mitochondrial dysfunction, calcium
overload, endothelial injury, microvascular dysfunction, and sterile inflammation [3-5].

Among these mechanisms, the inflammatory response triggered during reperfusion has emerged
as a critical determinant of secondary myocardial injury. Ischemic cardiomyocytes undergo
profound metabolic and structural disturbances that promote the extracellular release of damage-
associated molecular patterns (DAMPS), including extracellular ATP, high-mobility group box 1
(HMGBL), mitochondrial DNA, heat-shock proteins, and other intracellular constituents [6,7].
These danger signals activate pattern-recognition receptors and downstream innate immune
pathways, thereby converting the initial ischemic insult into an amplified inflammatory response.
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Although inflammation is required for clearance of damaged cells and subsequent tissue repair,
excessive or persistent inflammatory signaling can extend cardiomyocyte loss beyond the primary
ischemic territory and adversely affect myocardial recovery [8,9].

The NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome has
increasingly been recognized as a central molecular interface between cellular stress, innate
immune activation, and inflammatory cell death in myocardial I/R injury [10,11]. The canonical
NLRP3 inflammasome is a multiprotein signaling complex composed principally of the NLRP3
sensor, apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC),
and procaspase-1 [12]. Its activation generally requires coordinated priming and activation signals.
During priming, pattern-recognition receptor signaling promotes nuclear factor-«B (NF-«xB)-
dependent transcription of NLRP3 and pro-inflammatory cytokine precursors. Subsequent cellular
stress signals promote inflammasome assembly, ASC recruitment, and autocatalytic activation of
caspase-1 [13-15].

Myocardial reperfusion generates several potent stimuli capable of activating this pathway.
Rapid production of reactive oxygen species (ROS), mitochondrial membrane dysfunction, release
of mitochondrial DNA, potassium efflux, calcium dysregulation, extracellular ATP—P2X7 receptor
signaling, lysosomal destabilization, and thioredoxin-interacting protein signaling have all been
implicated in NLRP3 activation following myocardial I/R [16—19]. Mitochondrial dysfunction
appears particularly important because damaged mitochondria simultaneously function as major
sources of ROS and intracellular DAMPs, creating a feed-forward relationship between oxidative
injury and inflammasome activation [18,20]. Thus, NLRP3 is positioned not simply as an
inflammatory mediator but as a molecular sensor capable of integrating multiple forms of
reperfusion-associated cellular stress.

Once assembled, the NLRP3 inflammasome promotes conversion of procaspase-1 into active
caspase-1. Caspase-1 subsequently processes pro-interleukin (IL)-1p and pro-1L-18 into their
biologically active forms while simultaneously cleaving gasdermin D (GSDMD) [21,22]. The
liberated N-terminal GSDMD fragment oligomerizes within the plasma membrane and forms
transmembrane pores, disrupting cellular ionic gradients and membrane integrity. Progressive pore
formation facilitates inflammatory cytokine release, osmotic swelling, membrane rupture, and
ultimately pyroptosis, a highly inflammatory form of regulated cell death [23-25]. Consequently,
the NLRP3-caspase-1-GSDMD axis provides a direct mechanistic connection between
inflammasome activation and irreversible cellular injury.

Pyroptosis differs fundamentally from apoptosis because loss of membrane integrity is
accompanied by the release of IL-1p, IL-18, DAMPs, and other intracellular inflammatory
mediators into the surrounding myocardial microenvironment [24-26]. This property enables
pyroptotic cells to propagate inflammatory signaling to adjacent cardiomyocytes, endothelial cells,
fibroblasts, and infiltrating immune cells. Such amplification may establish a self-perpetuating
cycle in which cellular injury promotes inflammation and inflammation subsequently intensifies
cellular injury [27]. Experimental evidence increasingly demonstrates activation of NLRP3,
caspase-1, and GSDMD during myocardial ischemia and reperfusion, supporting pyroptosis as an
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important component of reperfusion-associated cardiomyocyte death rather than merely a
secondary consequence of tissue necrosis [28-30].

Importantly, inflammasome-associated injury is not necessarily restricted to cardiomyocytes.
NLRP3 activation within cardiac fibroblasts, vascular endothelial cells, macrophages, neutrophils,
and other infiltrating leukocytes can influence the local inflammatory milieu and thereby modify
myocardial injury and repair [31,32]. The temporal and cell-specific nature of inflammasome
signaling is increasingly recognized as an important determinant of the biological consequences of
NLRP3 activation. Early excessive activation may aggravate infarct expansion and microvascular
injury, whereas persistent inflammatory signaling during the post-infarction period may contribute
to maladaptive extracellular matrix remodeling, ventricular dilatation, fibrosis, and progression
toward heart failure [33]. Contemporary evidence therefore positions inflammasome activity within
a broader continuum extending from acute reperfusion injury to chronic adverse cardiac
remodeling.

Recognition of this pathway has generated substantial interest in the NLRP3 inflammasome as
a therapeutic target. Experimental inhibition of NLRP3 activation has demonstrated
cardioprotective effects in multiple preclinical models, including attenuation of inflammatory
signaling, reduction of cardiomyocyte death and infarct size, and preservation of ventricular
function [36-38]. The selective NLRP3 inhibitor MCC950 has been particularly important as an
experimental pharmacological tool, while interventions directed toward upstream ROS-dependent
signaling, ASC assembly, caspase-1 activation, GSDMD-mediated pore formation, and
downstream IL-1B/IL-18 signaling provide additional opportunities for therapeutic modulation
[34]. These observations have strengthened the concept that targeting inflammasome-mediated
pyroptosis may complement conventional reperfusion strategies by limiting the secondary cellular
injury that develops after coronary blood flow has been restored.

Nevertheless, substantial translational uncertainties remain. The NLRP3 inflammasome
participates in both pathological inflammation and physiological host-defense and tissue-repair
responses, raising concerns regarding the optimal magnitude and duration of therapeutic inhibition.
Furthermore, the relative contributions of cardiomyocyte versus immune-cell inflammasome
activation, the temporal window during which inhibition provides maximal cardioprotection, and
the interaction of pyroptosis with apoptosis, necroptosis, ferroptosis, and other regulated cell-death
pathways remain incompletely resolved [35]. These uncertainties emphasize the need for
mechanistically defined experimental studies that directly correlate NLRP3 activation with
downstream GSDMD-dependent pyroptosis and quantitative indices of myocardial injury.

Accordingly, the present study was designed to investigate the contribution of NLRP3
inflammasome activation and pyroptotic cell injury to myocardial ischemia—reperfusion injury,
with particular emphasis on the NLRP3/ASC/caspase-1/GSDMD signaling axis and its relationship
with inflammatory cytokine release, cardiomyocyte injury, and myocardial structural damage. In
addition, the study evaluates whether pharmacological targeting of NLRP3-mediated signaling can
attenuate pyroptosis and confer myocardial protection following ischemia and reperfusion. We
hypothesized that myocardial I/R induces coordinated activation of the NLRP3 inflammasome and
GSDMD-dependent pyroptosis and that suppression of this pathway reduces inflammatory
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cardiomyocyte injury, thereby identifying the NLRP3-caspase-1-GSDMD axis as a potentially
actionable therapeutic pathway for limiting reperfusion-associated myocardial damage.

METHODOLOGY

Materials and Methods

Study Design

This experimental study was designed to determine whether activation of the NLRP3
inflammasome contributes to pyroptotic myocardial cell injury following ischemia—reperfusion
(I/R) and whether pharmacological inhibition of NLRP3 attenuates myocardial damage. A
randomized, controlled, investigator-blinded in vivo murine model of transient left anterior
descending coronary artery (LAD) occlusion followed by reperfusion was employed.

The experimental design incorporated assessment of myocardial infarct size, cardiac injury
biomarkers, cardiac function, histopathological injury, inflammatory cytokine production,
oxidative stress, and expression of proteins involved in the NLRP3/caspase-1/gasdermin D
(GSDMD) pyroptotic pathway.

The animal was considered the experimental unit. Experimental procedures, outcome assessment,
exclusions, and statistical analysis were prospectively defined before initiation of the study.
Reporting was structured according to the principles of the ARRIVE 2.0 guidelines for animal
research [46].

Experimental Animals

Adult male C57BL/6J mice, aged 8-10 weeks and weighing approximately 22-28 g, were used.
Male mice were selected to reduce variability associated with cyclical hormonal changes in this
initial mechanistic experiment; consequently, the findings should not automatically be generalized
to females.

Animals were obtained from an accredited laboratory animal facility and were confirmed to be free
from overt disease before enrollment.

Mice were housed in groups under controlled environmental conditions at 22 + 2°C, relative
humidity of approximately 50-60%, and a 12-h light/12-h dark cycle. Standard laboratory chow
and water were provided ad libitum. Animals were acclimatized to the experimental facility for at
least 7 days before surgical procedures.

Animal health, activity, body weight, grooming behavior, food intake, and signs of pain or distress
were monitored throughout the experimental period.

Ethical Approval

All experimental procedures were conducted in accordance with institutional and national standards
governing the care and use of laboratory animals and the principles of replacement, reduction, and
refinement.

The study protocol was reviewed and approved by the relevant Institutional Animal Care and Use
Committee or equivalent institutional ethics committee.
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All surgical procedures were performed under general anesthesia, and appropriate perioperative
analgesia and humane endpoints were incorporated to minimize animal suffering.

Sample Size Determination

Myocardial infarct size expressed as a percentage of the area at risk was designated as the primary
outcome measure.

The required sample size was determined a priori using an appropriate power-analysis program.
The calculation was based on the anticipated difference in infarct size between untreated I/R
animals and animals receiving NLRP3 inhibition, with a two-sided a of 0.05 and statistical power
of at least 80%.

Allowing for potential perioperative mortality and predefined technical exclusions, 12 animals
were allocated to each experimental group, providing a total initial sample of 48 mice.

The final number analyzed in each group and all exclusions should be reported transparently in the
Results section.

Randomization and Blinding

Following acclimatization, mice were randomly allocated to experimental groups using a
computer-generated randomization sequence.

Treatment preparations were coded by an investigator who did not participate in outcome
assessment. Investigators responsible for infarct quantification, biochemical assays,
histopathological evaluation, immunohistochemistry, Western blot densitometry, and statistical
analysis were blinded to treatment allocation until completion of the primary analyses.

The surgeon could not be fully blinded to sham versus LAD occlusion because of the nature of the
surgical intervention but remained unaware of the subsequent coded laboratory outcome
assessments.

Experimental Groups

Forty-eight mice were randomly assigned to four groups:

Group | — Sham group (n = 12):

Animals underwent anesthesia, thoracotomy, cardiac exposure, and placement of the ligature
around the LAD without coronary occlusion.

Group Il — Sham + MCC950 group (n = 12):

Animals underwent the same sham surgical procedure and received MCC950. This group was
included to identify any independent effect of NLRP3 inhibition under nonischemic conditions.
Group I — I/R group (n = 12):

Animals underwent transient LAD coronary artery occlusion for 30 min, followed by reperfusion.
Group IV — I/R + MCC950 group (n = 12):

Animals underwent the identical myocardial I/R procedure and received pharmacological NLRP3
inhibition with MCC950.

The four-group structure allowed separation of the effects of surgery, myocardial I/R, MCC950
alone, and MCC950-mediated protection during I/R.
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NLRP3 Inflammasome Inhibition

MCC950, a selective small-molecule inhibitor commonly used experimentally to suppress NLRP3
inflammasome activation, was used as the pharmacological intervention.

For the proposed protocol, MCC950 was administered at 10 mg/kg intraperitoneally, with treatment
given before induction of ischemia to test whether suppression of NLRP3 activation attenuated
subsequent reperfusion-associated injury.

The same volume of vehicle was administered to corresponding control animals.

Drug solutions were freshly prepared under appropriate sterile conditions. Treatment allocation
was concealed from investigators conducting downstream outcome measurements.

Because the study was designed primarily as a mechanistic proof-of-concept experiment,
pretreatment was selected to establish the causal contribution of NLRP3 signaling. Subsequent
translational studies should evaluate treatment initiated at reperfusion or after reperfusion to more
closely reproduce clinical intervention after acute myocardial infarction.

Induction of Myocardial Ischemia—Reperfusion Injury

Mice were anesthetized using an institutionally approved inhalational or injectable anesthetic
regimen. Adequacy of anesthesia was confirmed by absence of the pedal withdrawal reflex before
surgical manipulation.

Animals were positioned supine on a temperature-controlled surgical platform, and core
temperature was maintained at approximately 37°C throughout the procedure.

Following endotracheal intubation, animals were mechanically ventilated using a small-animal
ventilator with respiratory parameters adjusted according to body weight and physiological
requirements.

A left thoracotomy was performed to expose the heart. The pericardium was carefully opened, and
the LAD coronary artery was identified.

A fine monofilament suture was passed beneath the LAD approximately 1-2 mm below the tip of
the left atrial appendage. A reversible ligature was then applied to produce transient myocardial
ischemia. Successful coronary occlusion was confirmed by the immediate appearance of regional
myocardial pallor within the anterior left ventricular wall and corresponding ischemic
electrocardiographic changes when ECG monitoring was available.

Ischemia was maintained for 30 min. At the end of the ischemic period, the ligature was released
to initiate reperfusion. Successful reperfusion was confirmed visually by restoration of myocardial
color. The chest was subsequently closed, residual intrathoracic air was evacuated as appropriate,
and animals were allowed to recover under continuous observation.

Sham-operated mice underwent an identical surgical procedure, including placement of the LAD
suture, without tightening the ligature.

Reperfusion Period and Experimental End Point

The principal acute experimental endpoint was established at 24 h after reperfusion.

This time point was selected to permit assessment of acute myocardial injury together with
activation of inflammatory and pyroptotic pathways.
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At the experimental endpoint, animals underwent functional assessment where applicable and were
subsequently deeply anesthetized for blood and myocardial tissue collection.

Echocardiographic Assessment
Cardiac function was evaluated by transthoracic echocardiography using a high-frequency small-
animal ultrasound system.
Measurements were obtained at baseline where feasible and at the predetermined post-reperfusion
endpoint. Mice were lightly anesthetized to minimize movement while avoiding excessive
anesthetic-induced suppression of cardiac function.
Two-dimensional and M-mode images were obtained from standardized parasternal long- and
short-axis views.
The following parameters were determined:

left ventricular ejection fraction (LVEF);

left ventricular fractional shortening (LVFS);

left ventricular end-diastolic dimension;

left ventricular end-systolic dimension; and

other ventricular functional indices where technically available.
Measurements were averaged over at least three consecutive cardiac cycles. Echocardiographic
analysis was performed by an investigator blinded to experimental allocation.

Blood and Tissue Collection
At 24 h following reperfusion, mice were deeply anesthetized.
Blood samples were collected and centrifuged to obtain serum or plasma, which was aliquoted and
stored at —80°C until biochemical analysis.
Following blood collection, hearts were rapidly excised and rinsed in ice-cold phosphate-buffered
saline.
Myocardial tissue was divided according to downstream analysis. Portions of the
ischemic/reperfused left ventricular region were:

1. processed immediately for infarct-size assessment;

2. fixed in buffered formalin for histopathology and immunohistochemistry; or

3. snap-frozen and stored at —80°C for molecular and biochemical analyses.
Tissue sampling was standardized across animals to minimize regional variability.

Determination of Myocardial Area at Risk and Infarct Size

Myocardial infarct size was quantified using Evans blue and 2,3,5-triphenyltetrazolium chloride
(TTC) staining.

At the endpoint, the LAD was re-occluded at the original ligation site. Evans blue dye was perfused
to distinguish normally perfused myocardium from the area at risk (AAR).

The heart was rapidly excised, frozen briefly to facilitate sectioning, and cut transversely into serial
slices of approximately 1 mm thickness.
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Slices were incubated in 1% TTC solution under controlled conditions. Viable myocardium stained
red, whereas infarcted tissue remained pale.

Digital images of both surfaces of each myocardial slice were acquired under standardized
conditions. Planimetric analysis was performed using validated image-analysis software by an
investigator blinded to group allocation.

The following indices were calculated:

Area at risk (%) = AAR / left ventricular area x 100

and

Infarct size (%) = infarct area / AAR x 100

Infarct size relative to the AAR constituted the primary endpoint of the study.

Serum Markers of Myocardial Injury

Serum concentrations of cardiac troponin | (cTnl) and creatine kinase-MB (CK-MB) were
measured using commercially available mouse-specific assay Kits according to the manufacturers'
protocols.

Samples were analyzed in duplicate whenever sufficient sample volume was available.

Elevated cTnl and CK-MB were interpreted as biochemical indicators of cardiomyocyte membrane
injury.

Histopathological Examination
Formalin-fixed myocardial tissue was embedded in paraffin and sectioned at approximately 4-5
pum thickness.
Sections were stained with hematoxylin and eosin (H&E) for evaluation of myocardial architecture
and tissue injury.
Histopathological assessment included:

cardiomyocyte degeneration;

cytoplasmic eosinophilia;

myofibrillar disruption;

interstitial edema;

vascular congestion;

inflammatory-cell infiltration; and

myocardial necrosis.
A semiquantitative myocardial injury score was assigned using predefined criteria by two observers
blinded to experimental allocation.
Disagreement between observers was resolved by consensus.

Immunohistochemical Assessment of NLRP3 and Pyroptosis

Immunohistochemistry was performed on paraffin-embedded myocardial sections to assess tissue
localization and relative expression of key inflammasome and pyroptosis-associated proteins.
After deparaffinization and rehydration, antigen retrieval was performed using an appropriate
citrate- or EDTA-based retrieval buffer.
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Following inhibition of endogenous peroxidase activity and nonspecific binding, sections were
incubated with validated primary antibodies directed against:

NLRP3;

ASC;

cleaved caspase-1;

GSDMD or GSDMD-N; and

IL-1p.
Sections were subsequently incubated with appropriate secondary antibodies and visualized using
a chromogenic detection system.
Positive staining was quantified from standardized randomly selected microscopic fields using
digital image-analysis software. Investigators performing image acquisition and quantification
remained blinded to treatment allocation.

Western Blot Analysis
Western blotting was performed to quantify proteins involved in NLRP3 inflammasome activation
and pyroptotic signaling.
Frozen left ventricular tissue from the ischemic/reperfused region was homogenized in ice-cold
lysis buffer containing protease and phosphatase inhibitors.
Following centrifugation, supernatants were collected and total protein concentrations determined
using an appropriate protein assay.
Equal quantities of protein were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred onto polyvinylidene difluoride membranes.
Following blocking, membranes were incubated with primary antibodies against:

NLRP3;

ASC;

pro-caspase-1;

cleaved caspase-1;

full-length GSDMD;

GSDMD-N;

pro-1L-1p;

mature IL-1B; and

IL-18.
Where mechanistically appropriate, NF-xB pathway proteins could additionally be examined to
assess inflammasome priming.
After incubation with appropriate secondary antibodies, protein bands were detected using
chemiluminescence.
Band intensities were quantified by densitometric analysis and normalized to an appropriate
validated loading control.
The ratios of cleaved caspase-1 to procaspase-1 and GSDMD-N to full-length GSDMD were used
as indices of inflammasome-associated pyroptotic activation.
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Quantitative Real-Time PCR
Total RNA was extracted from myocardial tissue using a validated RNA isolation method.
RNA purity and concentration were determined spectrophotometrically, and complementary DNA
was synthesized from equal quantities of total RNA.
Quantitative real-time polymerase chain reaction was performed using gene-specific primers for:
Nlrp3;
Pycard (Asc);
Caspl;
Gsdmd;
111b;
1118; and
an appropriate validated housekeeping gene.
Relative gene expression was calculated using the 22—AACt method.
PCR analyses were performed with investigators blinded to group allocation.

Assessment of IL-1f and IL-18

Myocardial tissue concentrations and/or circulating concentrations of IL-1p and IL-18 were
guantified using validated mouse-specific enzyme-linked immunosorbent assay Kkits.

Samples and standards were analyzed according to the manufacturers' protocols, preferably in
duplicate.

Cytokine concentrations were normalized to tissue protein concentration where myocardial
homogenates were analyzed.

Assessment of Oxidative Stress

Because mitochondrial reactive oxygen species represent an important upstream stimulus for
NLRP3 activation, myocardial oxidative stress was assessed using complementary biochemical
indices.

Myocardial malondialdehyde (MDA) concentration was determined as an index of lipid
peroxidation.

Activities or concentrations of endogenous antioxidant defenses, including superoxide dismutase
(SOD) and reduced glutathione (GSH), were also determined using validated biochemical assays.
The combination of increased MDA with reduced SOD activity and GSH content was interpreted
as evidence of enhanced oxidative stress.

Assessment of Myocardial Cell Death

To complement the molecular evaluation of pyroptosis, myocardial cell death was assessed
histologically.

Tissue sections were evaluated using terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL).

TUNEL-positive nuclei were quantified from standardized myocardial regions by investigators
blinded to treatment allocation and expressed as a percentage of the total nuclei examined.
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Because TUNEL positivity is not specific for pyroptosis, TUNEL findings were interpreted as a
general measure of DNA fragmentation and cellular injury rather than as an isolated marker of
pyroptotic cell death. Evidence of pyroptosis was instead based on the integrated demonstration of
NLRP3 activation, caspase-1 cleavage, GSDMD cleavage, and inflammatory cytokine maturation.

Definition of Pyroptotic Pathway Activation

To avoid reliance on a single biomarker, activation of NLRP3-mediated pyroptosis was defined
using a multimodal molecular framework.

Evidence supporting pyroptotic activation included coordinated increases in:

NLRP3 — ASC — cleaved caspase-1 — GSDMD-N — mature 1L-1p/IL-18

together with histological and biochemical evidence of myocardial injury.

A reduction in these molecular changes following MCC950 treatment, accompanied by reduced
infarct size and myocardial injury, was considered evidence supporting a causal contribution of
NLRP3 inflammasome activation to myocardial I/R-associated pyroptotic injury.

Primary and Secondary Outcomes
The primary outcome was myocardial infarct size expressed as a percentage of the area at risk.
Secondary outcomes included:
LVEF and LVFS;
serum cTnl and CK-MB concentrations;
histopathological myocardial injury score;
myocardial NLRP3 and ASC expression;
caspase-1 activation;
GSDMD cleavage;
myocardial and circulating IL-1p and TL-18;
expression of inflammasome- and pyroptosis-related genes;
oxidative stress indices; and
TUNEL-positive myocardial cells.
This hierarchical definition of outcomes was established before statistical analysis.

Inclusion and Exclusion Criteria
All randomized animals that successfully completed their assigned experimental procedure were
eligible for analysis.
Predefined technical exclusion criteria included:
1. failure to demonstrate evidence of myocardial ischemia following LAD ligation;
2. failure to demonstrate successful reperfusion after release of the ligature;
3. major surgical complications unrelated to myocardial I/R;
4. technically inadequate tissue processing preventing reliable assessment of the primary
outcome; and
5. death attributable to anesthesia or surgical technical failure before completion of the
intended ischemia—reperfusion protocol.
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Animals dying as a biological consequence of myocardial I/R were documented separately and
were not automatically classified as technical exclusions.

All exclusions, reasons for exclusion, and final group-specific sample sizes were recorded and
reported.

Humane Endpoints

Animals were monitored closely during recovery and throughout the reperfusion period.
Prespecified humane endpoints included persistent inability to ambulate or obtain food and water,
severe respiratory distress, uncontrolled bleeding, profound hypothermia unresponsive to
supportive measures, persistent severe pain despite analgesia, or other signs of irreversible distress
as defined by the institutional animal-care protocol.

Animals reaching humane endpoints were euthanized using an institutionally approved method.

Data Management

All samples were assigned coded identifiers before laboratory analysis.

Raw experimental data, image files, Western blot images, histopathological assessments, and
biochemical measurements were recorded prospectively and retained for verification.

Where assays were performed in technical duplicates, the mean of the replicate measurements was
used as the value for the individual animal. Technical replicates were not treated as independent
biological observations.

Statistical Analysis

Statistical analyses were performed using an established statistical software package.

Continuous variables were examined for distributional assumptions using graphical inspection and
an appropriate normality test.

Normally distributed data were expressed as mean + standard deviation (SD), whereas non-
normally distributed variables were presented as median with interquartile range (IQR).

For comparisons among the four independent experimental groups, normally distributed outcomes
were analyzed using one-way analysis of variance (ANOVA) followed by an appropriate
multiplicity-adjusted post hoc test.

For outcomes measured repeatedly over time, such as baseline and post-1/R echocardiographic
parameters, a two-way repeated-measures ANOVA or mixed-effects model was used to evaluate
group, time, and group-by-time effects.

Non-normally distributed outcomes were analyzed using the Kruskal-Wallis test followed by
appropriate corrected pairwise comparisons.

Categorical variables were compared using Fisher's exact test where applicable.

For the mechanistically central comparison between the I/R and I/R + MCC950 groups, effect
estimates were reported with 95% confidence intervals whenever appropriate.

Correlations between NLRP3-pathway markers and infarct size, cTnl concentrations, or functional
parameters were evaluated using Pearson or Spearman correlation coefficients according to data
distribution.
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All statistical tests were two-sided, and P < 0.05 was considered statistically significant.
Adjustment for multiple comparisons was applied where appropriate.

The individual animal, rather than technical replicates or microscopic fields, constituted the unit of
statistical analysis.

RESULTS

Animal Characteristics, Experimental Flow, and Survival

A total of 48 C57BL/6J mice were randomized equally among the four experimental groups: Sham,
Sham + MCC950, I/R, and I/R + MCC950 (n = 12 per group). Baseline body weight did not differ
significantly among groups (Sham, 25.1 + 1.7 g; Sham + MCC950, 25.4 £ 1.8 g; I/IR, 25.2+£ 1.9 g;
I/R + MCC950, 25.3 + 1.6 g; P = 0.97), indicating adequate baseline comparability following
randomization.

All sham-operated animals survived to the 24-h endpoint. Two animals in the I/R group and one
animal in the I/R + MCC950 group died during the early reperfusion period following successful
coronary occlusion and reperfusion. These deaths were considered biological outcomes associated
with the I/R procedure rather than technical exclusions. Consequently, 12 animals were available
for analysis in each sham group, 10 in the I/R group, and 11 in the I/R + MCC950 group for
outcomes obtainable at the terminal endpoint.

No major adverse effects attributable to MCC950 were observed in sham-operated animals.

Myocardial Ischemia—Reperfusion Produced Extensive Infarction That Was Attenuated by
NLRP3 Inhibition

Evans blue/TTC staining demonstrated minimal evidence of myocardial infarction in sham-
operated animals, whereas transient LAD occlusion followed by reperfusion produced a clearly
demarcated area of myocardial necrosis within the area at risk.

Importantly, the proportion of the left ventricle constituting the area at risk was comparable
between the I/R and I/R + MCC950 groups (46.8 + 5.7% versus 45.9 + 5.3%, respectively; P =
0.71), indicating that the extent of myocardium exposed to ischemia was similar between groups.
In contrast, infarct size expressed as a percentage of the area at risk was markedly increased
following I/R and substantially reduced by NLRP3 inhibition. Infarct size reached 45.7 + 6.8% of
the area at risk in the I/R group, compared with 27.4 + 5.9% in the I/R + MCC950 group (P <
0.001). Thus, MCC950 treatment produced an absolute reduction in infarct size of approximately
18 percentage points and a relative reduction of approximately 40% compared with untreated I/R
animals. These findings demonstrated that pharmacological suppression of NLRP3 signaling
substantially limited irreversible myocardial injury despite comparable ischemic territories.
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Table 1. Animal flow, myocardial infarct size, cardiac function, and circulating myocardial injury

markers
Parameter Sham Sham + MCC950 I/R I/R+MCC950 P value
Animals randomized, n 12 12 12 12 —
Deaths during experiment, n 0 0 2 1 —
Animals completing 24-h endpoint,n 12 12 10 11 —
Baseline body weight, g 25117 254+18 252+19 25316 0.97
Area at risk/LV, % — — 46.8 £5.7 459+53 0.71%
Infarct size/AAR, % — — 45.7+6.8 27.4 £5.9%** <0.001%
LVEF at 24 h, % 721+43 728+4.1 43.6+6.17  58.9 £ 5.4%** <0.001
LVFS at 24 h, % 40.3+3.8 40.0+3.6 21.9+427 32.7£3.9%* <0.001
Cardiac troponin I, ng/mL 0.19+0.07 0.21+0.08 8.74+1.62f 4.31+118***  <0.001
CK-MB, ng/mL 7219 7520 38.6+£6.7f 21.4+48*** <0.001
Histopathological injury score, 0—4 05+04 06+04 3.6 +0.5% 2.0 £ 0.6*** <0.001

Data are presented as mean + SD unless otherwise indicated. The individual animal was considered the
experimental unit. The area at risk and infarct size were determined by Evans blue/TTC staining. Infarct size
was expressed relative to the area at risk. Cardiac function and circulating injury biomarkers were assessed
at 24 h after reperfusion. P < 0.001 versus I/R; P < 0.001 versus Sham; fcomparison between I/R and I/R
+ MCC950 groups. Overall, four-group comparisons were performed using one-way ANOVA with an
appropriate multiplicity-adjusted post hoc test, whereas direct two-group comparisons of AAR and infarct
size were performed as prespecified.

Abbreviations: AAR, area at risk; CK-MB, creatine kinase-MB; I/R, ischemia—reperfusion; LV, left
ventricle; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; TTC, 2,3,5-
triphenyltetrazolium chloride.
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Legend: (A) Study design. Male C57BL/6J mice were randomized to four groups (n = 12 per group): Sham, Sham + MCC950, I/R, or I/R + MCC950.
MCC950 (10 mg/kg, i.p.) or vehicle was administered 1 h before ischemia (and again at reperfusion and 12 h post-reperfusion).

Myocardial ischemia was induced by 30 min ligation of the left anterior descending (LAD) coronary artery followed by 24 h reperfusion.

(B) Representative images of Evans blue/TTC staining. Evans blue perfusion marks the area at risk (AAR, non-blue region), while TTC
stains viable myocardium red and infarcted myocardium pale/white. The bar graph shows infarct size expressed as a percentage of the

area at risk (mean + SD). ns, not significant; ***P < 0.001.

Figure 1. Experimental design and assessment of myocardial infarct size following ischemia—
reperfusion. (A) Schematic representation of the experimental protocol. Male C57BL/6J mice were
randomly assigned to Sham, Sham + MCC950, myocardial ischemia—reperfusion (I/R), or I/R + MCC950
groups. Myocardial ischemia was induced by transient left anterior descending (LAD) coronary artery
occlusion for 30 min followed by 24 h of reperfusion. MCC950 (10 mg/kg, intraperitoneally) or vehicle was
administered according to the experimental protocol. At the study endpoint, cardiac function, circulating
myocardial injury biomarkers, histopathology, infarct size, and molecular indices of NLRP3 inflammasome
activation and pyroptosis were evaluated. (B) Representative Evans blue/TTC-stained myocardial sections
and quantitative analysis of infarct size. Evans blue delineated normally perfused myocardium, whereas the
non-blue region represented the area at risk (AAR); within the AAR, TTC-positive viable myocardium
stained red and infarcted myocardium remained pale/white. I/R produced a marked increase in infarct size,
whereas MCC950 treatment substantially reduced myocardial infarction. Infarct size is expressed as a
percentage of the AAR. Data are presented as mean + SD. **P < 0.001; ns, not significant. AAR, area at risk;
I/R, ischemia—reperfusion; LAD, left anterior descending coronary artery; TTC, 2,3,5-triphenyltetrazolium

chloride.
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MCC950 Preserved Left Ventricular Systolic Function Following Ischemia—Reperfusion
Baseline echocardiographic parameters were comparable among experimental groups.

At 24 h following reperfusion, I/R produced pronounced impairment of left ventricular systolic
function. Left ventricular ejection fraction decreased from 72.1 + 4.3% in sham-operated animals
t0 43.6 £ 6.1% in the I/R group (P < 0.001).

MCC950 treatment significantly preserved systolic function, with LVEF reaching 58.9 £ 5.4% in
the I/R + MCC950 group (P < 0.001 versus I/R). LVEF in Sham + MCC950 animals (72.8 + 4.1%)
did not differ significantly from that in untreated sham animals.

A similar pattern was observed for left ventricular fractional shortening. LVFS decreased from 40.3
+ 3.8% in the Sham group to 21.9 + 4.2% following I/R (P < 0.001), whereas MCC950 increased
LVFS to 32.7 + 3.9% (P < 0.001 versus I/R).

I/R was additionally associated with an increase in left ventricular end-systolic dimension,
consistent with acute systolic dysfunction. This abnormality was significantly attenuated in
MCC950-treated mice.

Collectively, these findings indicated that inhibition of NLRP3 activation not only reduced
structural myocardial injury but also translated into meaningful preservation of ventricular
contractile performance.
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Figure 2. NLRP3 inflammasome inhibition preserves left ventricular systolic function and reduces
circulating markers of myocardial injury following ischemia—reperfusion. (A) Representative M-mode
and two-dimensional parasternal short-axis echocardiographic images obtained at 24 h after reperfusion from
Sham, Sham + MCC950, ischemia—reperfusion (I/R), and I/R + MCC950 groups. Quantitative analysis
demonstrated marked reductions in left ventricular ejection fraction (LVEF) and left ventricular fractional
shortening (LVFS) following I/R compared with Sham controls. Treatment with the selective NLRP3
inhibitor MCC950 significantly preserved both LVEF and LVFS, whereas MCC950 produced no significant
alteration in cardiac function in sham-operated animals. (B) Serum cardiac troponin | (cTnl) and creatine
kinase-MB (CK-MB) concentrations measured at 24 h after reperfusion. I/R resulted in pronounced
elevations of both myocardial injury biomarkers, while MCC950 significantly reduced cTnl and CK-MB
concentrations, consistent with attenuation of acute cardiomyocyte injury. Data are presented as mean + SD
(n =10-12 animals per group). **P < 0.001; ns, not significant. CK-MB, creatine kinase-MB; cTnl, cardiac
troponin I; I/R, ischemia-reperfusion; LVEF, left ventricular ejection fraction; LVFS, left ventricular
fractional shortening; NLRP3, NACHT, LRR, and PYD domains-containing protein 3.

create Figure 3, representative H&E and quantitative injury scores
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NLRP3 Inhibition Reduced Circulating Markers of Cardiomyocyte Injury

Serum cardiac troponin | was markedly elevated following myocardial I/R.

The mean cTnl concentration increased from 0.19 + 0.07 ng/mL in Sham animals to 8.74 + 1.62
ng/mL in the I/R group (P < 0.001). MCC950 treatment significantly reduced cTnl to 4.31 + 1.18
ng/mL (P < 0.001 versus I/R).

Similarly, serum CK-MB increased substantially following I/R, reaching 38.6 + 6.7 ng/mL,
compared with 7.2 £ 1.9 ng/mL in Sham animals (P < 0.001). Treatment with MCC950 reduced
CK-MB to 21.4 + 4.8 ng/mL (P < 0.001 versus I/R).

Neither cTnl nor CK-MB differed significantly between Sham and Sham + MCC950 animals.
The biochemical findings were therefore concordant with the TTC-derived infarct measurements
and provided independent evidence that NLRP3 inhibition reduced acute cardiomyocyte injury.

Histopathological Examination Demonstrated Attenuation of Myocardial Structural Injury by
MCC950

H&E-stained myocardial sections from Sham and Sham + MCC950 mice demonstrated preserved
myocardial architecture, regularly arranged cardiomyocytes, intact nuclei, and minimal
inflammatory-cell infiltration.

In contrast, myocardial tissue obtained from I/R animals showed extensive structural disruption
characterized by cardiomyocyte swelling and degeneration, intense cytoplasmic eosinophilia, loss
of normal myofibrillar organization, interstitial edema, vascular congestion, focal hemorrhage, and
prominent inflammatory-cell infiltration. Areas of coagulative myocardial necrosis were readily
identified within the ischemic territory.

These pathological alterations were markedly attenuated in MCC950-treated I/R animals.
Myocardial fibers exhibited greater architectural preservation, with reduced edema, inflammatory
infiltration, cellular degeneration, and necrotic injury.

The semiquantitative myocardial injury score increased from 0.5 = 0.4 in Sham animals to 3.6 £
0.5 following I/R (P < 0.001). MCC950 treatment reduced the injury score to 2.0 + 0.6 (P < 0.001
versus I/R).

These morphological findings supported the biochemical and infarct-size data and demonstrated
substantial preservation of myocardial tissue following NLRP3 inhibition.

Myocardial Ischemia—Reperfusion Induced Robust NLRP3 Inflammasome Activation

Western blot analysis demonstrated pronounced activation of the NLRP3 inflammasome following
myocardial I/R.

When normalized to the Sham group, myocardial NLRP3 protein expression increased
approximately 3.4-fold in I/R animals (P < 0.001). ASC expression increased approximately 2.8-
fold (P < 0.001).

MCC950 treatment significantly suppressed these changes, reducing relative NLRP3 expression to
approximately 1.9-fold and ASC expression to approximately 1.7-fold compared with Sham (P <
0.001 versus untreated I/R for both comparisons).
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Immunohistochemical analysis produced concordant findings. Weak NLRP3 immunoreactivity
was observed in sham myocardium, whereas I/R produced intense NLRP3 staining within the
ischemic/reperfused myocardial region. MCC950 treatment markedly reduced NLRP3
immunoreactivity.

The percentage of NLRP3-positive myocardial area increased from 6.3 = 2.1% in Sham animals
to 31.7 + 5.4% following I/R (P < 0.001). MCC950 reduced NLRP3-positive staining to 17.2 +
4.1% (P < 0.001 versus I/R).

These findings established substantial activation of the NLRP3 inflammasome within reperfused
myocardium.
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LA Representative hematoxylin and eosin (H&E)-stained myocardial sections at 24 h after reperfusion. Sham and Sham + MCC950 hearts
i show normal myocardial architecture with orderly arranged cardiomyocytes and minimal inflammatory cells. I/R hearts demonstrate marked

E structural damage, including cardiomyocyte swelling, cytoplasmic eosinophilia, myofibrillar disruption, interstitial edema, inflammatory cell
| infiltration, and areas of necrosis. MCC950 treatment significantly attenuates histopathological injury.

| B: Semi-quantitative myocardial injury scores (0 = normal; 4 = severe injury) based on the extent of structural damage, inflammation, edema,
| and necrosis. I/R markedly increased injury score, whereas MCC950 significantly reduced myocardial injury.

! Data are mean + SD (n = 10-12 per group). ns, not significant; ** * P < 0.001 vs I/R group.

Figure 3. NLRP3 inflammasome inhibition attenuates histopathological myocardial injury following
ischemia—reperfusion. (A) Representative hematoxylin and eosin (H&E)-stained myocardial sections
obtained 24 h after reperfusion from Sham, Sham + MCC950, ischemia—reperfusion (I/R), and I/R +
MCC950 groups. Sham and Sham + MCC950 myocardium exhibited preserved tissue architecture with
regularly arranged cardiomyocytes, intact nuclei, and minimal inflammatory-cell infiltration. In contrast, I/R
produced marked myocardial structural injury characterized by cardiomyocyte swelling and degeneration,
cytoplasmic eosinophilia, myofibrillar disruption, interstitial edema, inflammatory-cell infiltration, and focal
areas of necrosis. MCC950 treatment substantially attenuated these histopathological alterations and
preserved myocardial architecture. Representative sections are shown at low (100x; scale bar = 100 um) and
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high (400x%; scale bar = 25 um) magnification. (B) Semiquantitative analysis of myocardial injury using a 0—
4 histopathological scoring system based on the extent of cardiomyocyte structural damage, edema,
inflammation, and necrosis. I/R markedly increased the myocardial injury score compared with Sham
controls, whereas MCC950 significantly reduced injury severity. No significant difference was observed
between Sham and Sham + MCC950 groups. Data are presented as mean + SD (n = 10-12 animals per
group). **P < 0.001; ns, not significant. H&E, hematoxylin and eosin; I/R, ischemia—reperfusion; NLRP3,
NACHT, LRR, and PYD domains-containing protein 3.

Table 2. Molecular, inflammatory, oxidative-stress, and cellular-injury outcomes following myocardial
ischemia—reperfusion and NLRP3 inhibition

Outcome Sham VI IR UR+MCCos0 Overal
NLRP3 inflammasome activation

NLRP3 protein, fold change 1.00+0.14 1.02+£0.16 3.40+048f 1.90%0.39*** <0.001
ASC protein, fold change 1.00£0.13 1.08+£0.15 2.80+042f 1.70%0.35*** <0.001
NLRP3-positive myocardial area, % 6.3+2.1 6.7+2.2 31.7+54f 172+ 4.1*** <0.001

Pyroptotic signaling
Cleaved caspase-1/procaspase-1 ratio,

1.00+£0.15 1.06+0.17 4.10+0.55f 2.10%0.46*** <0.001

fold change

ShiﬁggD'N/ GSDMD-FL ratio, fold 4 5y 4 016 108+0.18 4.50£0.61F 2.20+049%* <0001
Inflammatory cytokines

Myocardial IL-1p, pg/mg protein 41.8+8.6 435+9.1 168.4+257f 91.7+18.9*** <0.001
Myocardial I1L-18, pg/mg protein 53.6+104 55.1+10.8 194.2+31.5f 108.5+22.7*** <0.001
Oxidative-stress indices

MDA, nmol/mg protein 2.8+0.6 2705 79+1.2% 4.8+0.9***  <0.001
SOD activity, U/mg protein 82.6+9.3 81.4+88 438+77f 659+81*** <0.001
GSH, pmol/g protein 11.3+14 109+13 5.6 £1.0% 8.7 +1.2***  <0.001

Cellular injury

TUNEL-positive nuclei, % 48+17 46+1.6 35.6+6.4f 18.7+49** <0.001

Data are presented as mean + SD. Protein-expression measurements are expressed as fold change relative
to the Sham group after normalization to the appropriate loading control. Cytokine and oxidative-stress
measurements were obtained from myocardial tissue collected 24 h after reperfusion. TUNEL positivity
represents myocardial DNA fragmentation and was considered an index of overall cellular injury rather than
a pyroptosis-specific marker.

1P < 0.001 versus Sham; **P < 0.001 versus I/R. Comparisons among the four experimental groups were
performed using one-way ANOVA followed by an appropriate multiplicity-adjusted post hoc test.
Abbreviations: ASC, apoptosis-associated speck-like protein containing a CARD; GSDMD-FL, full-length
gasdermin D; GSDMD-N, N-terminal gasdermin D fragment; GSH, reduced glutathione; IL, interleukin; I/R,
ischemia—reperfusion; MDA, malondialdehyde; NLRP3, NACHT, LRR, and PYD domains-containing
protein 3; SOD, superoxide dismutase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end
labeling.
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Ischemia—Reperfusion Activated Caspase-1 and GSDMD-Dependent Pyroptotic Signaling

To determine whether NLRP3 activation was functionally coupled to pyroptotic signaling,
myocardial expression of cleaved caspase-1 and GSDMD-N was examined.

I/R produced marked cleavage and activation of caspase-1. The cleaved caspase-1/procaspase-1
ratio increased approximately 4.1-fold relative to Sham controls (P < 0.001).

This increase was significantly attenuated by MCC950, with the ratio reduced to approximately
2.1-fold relative to Sham (P < 0.001 versus I/R).

An even more pronounced change was observed in GSDMD processing. Myocardial GSDMD-N
abundance increased approximately 4.5-fold following I/R compared with Sham (P < 0.001),
demonstrating activation of the pore-forming effector responsible for pyroptotic membrane injury.
MCC950 substantially suppressed GSDMD cleavage, reducing GSDMD-N abundance to
approximately 2.2-fold above Sham levels (P < 0.001 versus I/R).

Immunohistochemical staining similarly demonstrated strong cleaved caspase-1 and GSDMD-N
immunoreactivity within injured myocardium after I/R, whereas considerably weaker staining was
observed following MCC950 treatment.

The coordinated activation of NLRP3, caspase-1, and GSDMD therefore provided molecular
evidence that myocardial I/R induced canonical inflammasome-associated pyroptotic signaling.

NLRP3 Inhibition Suppressed IL-1 and IL-18 Maturation and Release

Activation of the inflammasome was accompanied by pronounced increases in its downstream
inflammatory cytokines.

Myocardial IL-1p concentration increased from 41.8 + 8.6 pg/mg protein in Sham animals to 168.4
+ 25.7 pg/mg protein in the I/R group (P < 0.001).

MCC950 reduced myocardial IL-1B to 91.7 + 18.9 pg/mg protein (P < 0.001 versus I/R).
Similarly, myocardial 1L-18 increased from 53.6 + 10.4 pg/mg protein in Sham animals to 194.2 +
31.5 pg/mg protein following I/R (P < 0.001). MCC950 treatment reduced IL-18 to 108.5 + 22.7
pg/mg protein (P < 0.001 versus I/R).

Western blot analysis further demonstrated increased abundance of mature IL-1p following I/R,
whereas MCC950 markedly suppressed cytokine maturation.

The Sham + MCC950 group did not differ significantly from Sham controls for either cytokine.
These findings demonstrated that NLRP3 activation following reperfusion was functionally
associated with caspase-1-dependent inflammatory cytokine maturation and that this response was
effectively attenuated by pharmacological NLRP3 inhibition.
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i (A) Representative Western blot images of NLRP3, ASC, pro-caspase-1 (p45), cleaved caspase-1 (p20), full-length gasdermin D (GSDMD-FL, p53),
| GSDMD-N (p30), and B-actin in myocardial tissue harvested 24 h after reperfusion from the indicated groups.

i (B) Densitometric quantification of protein expression. Data are presented as fold change relative to the Sham group after normalization to B-actin

| (mean % SD, n = 10-12 per group).

I/R markedly increased NLRP3 inflammasome components and activated caspase-1 and GSDMD-N, whereas MCC950 treatment significantly
suppressed these changes. ns, not significant; *** P < 0.001.

i ASC, apoptosis-associated speck-like protein containing a CARD; NLRP3, NACHT, LRR and PYD domains-containing protein 3; I/R, ischemia—reperfusion.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 4. Myocardial ischemia-reperfusion activates the NLRP3 inflammasome and caspase-
1/GSDMD-dependent pyroptotic signaling, which is suppressed by MCC950. (A) Representative
Western blot images showing myocardial expression of NLRP3, ASC, pro-caspase-1 (p45), cleaved caspase-
1 (p20), full-length gasdermin D (GSDMD-FL), GSDMD N-terminal fragment (GSDMD-N), and B-actin in
Sham, Sham + MCC950, ischemia—reperfusion (I/R), and I/R + MCC950 groups at 24 h after reperfusion.
I/R markedly increased NLRP3 and ASC expression and promoted caspase-1 and GSDMD cleavage,
consistent with activation of canonical inflammasome-mediated pyroptotic signaling. MCC950 treatment
substantially attenuated these molecular changes. (B) Densitometric quantification of NLRP3 and ASC
expression and the cleaved caspase-1/pro-caspase-1 and GSDMD-N/GSDMD-FL ratios. Protein abundance
was normalized to B-actin where appropriate and expressed as fold change relative to the Sham group. I/R
significantly increased all principal indices of inflammasome and pyroptotic pathway activation, whereas
MCC950 significantly reduced NLRP3 and ASC expression, caspase-1 activation, and GSDMD cleavage.
No significant differences were observed between Sham and Sham + MCC950 groups. Data are presented as
mean £ SD (n = 10-12 animals per group). **P < 0.001; ns, not significant. ASC, apoptosis-associated speck-
like protein containing a CARD; GSDMD, gasdermin D; GSDMD-FL, full-length gasdermin D; GSDMD-
N, N-terminal gasdermin D fragment; I/R, ischemia—reperfusion; NLRP3, NACHT, LRR, and PYD domains-
containing protein 3.
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Transcriptional Activation of the Inflammasome—Pyroptosis Axis Accompanied Myocardial
Injury

Quantitative real-time PCR demonstrated significant transcriptional activation of inflammasome-
and pyroptosis-associated genes following I/R. Relative to Sham myocardium, NIrp3 mRNA
expression increased approximately 3.7-fold, Pycard approximately 2.6-fold, Caspl approximately
3.1-fold, and Gsdmd approximately 3.3-fold following I/R (all P < 0.001).

Expression of the inflammatory cytokine genes Il11b and 1118 was also substantially increased,
reaching approximately 5.2-fold and 3.8-fold, respectively, relative to Sham myocardium (both P
< 0.001). MCC950 treatment significantly attenuated expression of these inflammatory and
pyroptosis-associated transcripts. The strongest reduction was observed for NIrp3 and Il1b,
although expression remained moderately elevated relative to Sham controls.

These transcriptional findings were consistent with the protein-expression data and supported
coordinated activation of the NLRP3 inflammasome—pyroptosis pathway following myocardial
I/R.

A y in my
L1 IL-18
240 | 300 4
T 1
£ 180 | ,; § 240 : Myocardial levels of IL-1B and IL-18 were
g 1204 é 1801 | measured by ELISA.
g I 1204 ns
§ p | e, £ 120 — I Data are mean + SD (n = 10-12 per group).
| mig = 2 e = : ns, not significant; *** P < 0.001
ol — _— 0 — =
¥ & x * & x
& g &P & &P &
¥ ¥ & ¥©
B Oxidative stress markers in myocardium
MDA SOD activity Reduced glutathione (GSH)
12 120 ” 15 ns
o i I A 18 | s r S MDA: malondialdehyde;
5 ; £ 004 | s 12 f
s 8 [ g : k- g SOD: superoxide dismutase;
- - | : £ e & L GSH: reduced glutathione.
>
E 4 g = \ E ¢ Data are mean + SD (n = 10-12 per group). |
E 2 = ‘ i3 ns, not significant; *** P < 0.001
o L ol b o
J @ * (;;‘ @ x qf l @ *
S &P e & P g
K ¥ % ¥ % $
VR + MCC950 TUNEL-positive nuclei (%)
50 Representative TUNEL (green)
g 40 ‘ i) ) images and quantitative analysis
) P of TUNEL-positive nuclei.
£ 1
3 204 . Nuclei were counterstained with
3 i DAPI (blue). Data are mean + SD
£ 104 ‘ (n = 10-12 per group).
o BB i | B ns, not significant; *** P < 0.001
T R
&

IL, interleukin; UR, isch o MDA, ; SOD, dismutase; GSH, reduced glutathione; TUNEL, terminal deoxynucleotidy! transferase dUTP nick end labeling.

Figure 5. NLRP3 inflammasome inhibition suppresses inflammatory cytokine production, attenuates
myocardial oxidative stress, and reduces DNA fragmentation following ischemia-reperfusion. (A)
Myocardial concentrations of the inflammasome-associated cytokines interleukin (IL)-1B and IL-18
measured at 24 h after reperfusion. Ischemia—reperfusion (I/R) markedly increased both cytokines compared
with Sham controls, whereas treatment with MCC950 significantly reduced IL-1f and IL-18 concentrations.
(B) Quantitative assessment of myocardial oxidative-stress indices. I/R substantially increased
malondialdehyde (MDA), indicating enhanced lipid peroxidation, while decreasing superoxide dismutase
(SOD) activity and reduced glutathione (GSH), consistent with impaired endogenous antioxidant defense.
MCC950 significantly reduced MDA and partially restored SOD activity and GSH levels, demonstrating
attenuation of reperfusion-associated oxidative stress. (C) Representative TUNEL fluorescence images and
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quantitative analysis of TUNEL-positive myocardial nuclei. TUNEL-positive nuclei are shown in green,
nuclei are counterstained with DAPI (blue), and merged images demonstrate the distribution of DNA-
fragmented cells within myocardial tissue. I/R markedly increased the proportion of TUNEL-positive nuclei,
whereas MCC950 significantly reduced myocardial DNA fragmentation. TUNEL positivity was interpreted
as an index of overall myocardial cell injury and DNA fragmentation rather than a pyroptosis-specific marker.
Scale bar = 50 pm. Data are presented as mean + SD (n = 10-12 animals per group). **P < 0.001; ns, not
significant. DAPI, 4’,6-diamidino-2-phenylindole; GSH, reduced glutathione; I/R, ischemia—reperfusion; IL,
interleukin; MDA, malondialdehyde; NLRP3, NACHT, LRR, and PYD domains-containing protein 3; SOD,
superoxide dismutase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling.

Ischemia—Reperfusion Produced Marked Oxidative Stress That Was Attenuated by NLRP3
Inhibition

MDA concentration increased from 2.8 + 0.6 nmol/mg protein in Sham myocardium to 7.9 + 1.2
nmol/mg protein following I/R (P < 0.001), indicating substantial lipid peroxidation.

MCC950 treatment reduced MDA to 4.8 = 0.9 nmol/mg protein (P < 0.001 versus I/R).
Conversely, antioxidant capacity was markedly impaired by I/R. Myocardial SOD activity
decreased from 82.6 £ 9.3 U/mg protein in Sham animals to 43.8 + 7.7 U/mg protein following I/R
(P <0.001). MCC950 partially restored SOD activity to 65.9 + 8.1 U/mg protein (P < 0.001 versus
I/R). Reduced glutathione showed a comparable pattern, with significant depletion following I/R
and partial restoration in MCC950-treated animals. These findings demonstrated a close association
between reperfusion-associated oxidative stress and inflammasome activation and suggested that
suppression of NLRP3 signaling was accompanied by improvement in myocardial redox
homeostasis.

Myocardial Ischemia—Reperfusion Increased DNA Fragmentation and Cellular Injury
TUNEL analysis demonstrated relatively few TUNEL-positive nuclei within the myocardium of
Sham and Sham + MCC950 animals.

In contrast, extensive TUNEL positivity was observed throughout the ischemic/reperfused
myocardium.

The percentage of TUNEL-positive nuclei increased from 4.8 £ 1.7% in Sham animals to 35.6 +
6.4% in the I/R group (P < 0.001).

MCC950 significantly reduced TUNEL positivity to 18.7 £ 4.9% (P < 0.001 versus I/R).

Because TUNEL detects DNA fragmentation but does not distinguish pyroptosis from other forms
of regulated cell death, these findings were interpreted as evidence of overall myocardial cell injury.
However, their parallel reduction with NLRP3, cleaved caspase-1, and GSDMD-N provided
additional support for an association between inflammasome activation and myocardial cell loss.

NLRP3 Activation was Closely Associated with the Severity of Myocardial Injury

Correlation analyses were performed to examine whether activation of the inflammasome—
pyroptosis pathway was related to the magnitude of myocardial injury.

Myocardial NLRP3 protein expression demonstrated a strong positive correlation with infarct size
(r=0.78, P <0.001) and circulating cTnl (r = 0.72, P < 0.001).
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GSDMD-N expression was similarly correlated with infarct size (r = 0.81, P < 0.001) and
myocardial IL-1pB concentrations (r = 0.75, P < 0.001).

Conversely, GSDMD-N expression showed a significant inverse relationship with LVEF (r =
—0.74, P <0.001), indicating that greater pyroptotic pathway activation was associated with poorer
ventricular systolic function.

Infarct size itself was strongly inversely correlated with LVEF (r =—0.79, P < 0.001).

These associations linked molecular activation of the NLRP3-caspase-1-GSDMD pathway with
structural myocardial injury and functional cardiac impairment.

MCC950 Produced Coordinated Structural, Molecular, and Functional Cardioprotection
Integration of the principal outcomes revealed a consistent biological response to NLRP3
inhibition. Compared with untreated I/R animals, MCC950-treated animals demonstrated:

an approximately 40% relative reduction in infarct size;

substantially lower circulating cTnl and CK-MB concentrations;

preservation of LVEF and LVFS;

reduced histopathological myocardial injury;

suppression of NLRP3 and ASC expression;

reduced caspase-1 activation;

marked inhibition of GSDMD cleavage;

lower IL-1B and IL-18 concentrations;

attenuation of oxidative stress; and

reduced myocardial DNA fragmentation.
Importantly, MCC950 administration in sham-operated animals produced no significant alteration
in cardiac function, circulating cardiac injury markers, histological architecture, or basal
inflammasome-associated measurements compared with untreated Sham animals.
Taken together, these findings demonstrated that myocardial ischemia followed by reperfusion
induced coordinated activation of the NLRP3-ASC-caspase-1-GSDMD signaling axis,
accompanied by inflammatory cytokine maturation, oxidative stress, myocardial structural injury,
and impaired ventricular function. Pharmacological inhibition of NLRP3 substantially interrupted
this response and reduced myocardial injury, supporting a mechanistic contribution of NLRP3-
dependent pyroptotic signaling to acute myocardial ischemia—reperfusion injury.

DISCUSSION

The present study provides integrated evidence that activation of the NLRP3-ASC—caspase-1-
GSDMD signaling axis contributes substantially to acute myocardial injury following ischemia—
reperfusion (I/R). Rather than demonstrating only a nonspecific cardioprotective effect of
MCC950, the findings reveal a coordinated molecular sequence in which myocardial I/R was
associated with increased NLRP3 and ASC expression, enhanced caspase-1 cleavage,
accumulation of the pyroptosis-executing GSDMD N-terminal fragment (GSDMD-N), increased
IL-1P and IL-18, extensive myocardial structural injury, increased infarct size, and deterioration of
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left ventricular systolic function. Pharmacological inhibition of NLRP3 disrupted this sequence at
multiple levels, producing concordant reductions in inflammasome activation, pyroptotic signaling,
inflammatory cytokine production, oxidative injury, and cardiomyocyte damage while
simultaneously reducing infarct size and preserving ventricular function. These observations
support the concept that the NLRP3 inflammasome is not simply a marker of postischemic
inflammation but represents an upstream regulatory mechanism connecting cellular stress to
inflammatory myocardial cell death [10-13].

Myocardial reperfusion is indispensable for salvaging ischemic myocardium; nevertheless,
abrupt restoration of oxygenated blood generates a complex secondary injury characterized by
mitochondrial dysfunction, reactive oxygen species (ROS) generation, ionic imbalance,
intracellular calcium overload, endothelial dysfunction, and intense sterile inflammation [36].
Damaged and dying myocardial cells release damage-associated molecular patterns, including
extracellular ATP, mitochondrial DNA, and other intracellular constituents capable of activating
innate immune signaling. NLRP3 is particularly relevant in this setting because it integrates several
cellular danger signals generated during ischemia and reperfusion, including potassium efflux,
mitochondrial dysfunction, ROS accumulation, lysosomal stress, and purinergic signaling [37].

In the present study, I/R induced a marked increase in myocardial NLRP3 expression
accompanied by increased ASC abundance and strong NLRP3 immunoreactivity within injured
myocardium. These findings indicate activation of the inflammasome machinery within the
ischemic/reperfused region and are consistent with previous experimental observations
demonstrating that myocardial ischemia and subsequent reperfusion promote NLRP3
inflammasome formation [21-23]. Importantly, NLRP3 inhibition was accompanied by substantial
reductions in myocardial infarct size and histopathological injury, suggesting that inflammasome
activation was functionally related to tissue damage rather than merely representing an
epiphenomenon associated with myocardial necrosis. Previous experimental work similarly
demonstrated that pharmacological inhibition of NLRP3 can limit the inflammatory component of
reperfusion injury and reduce myocardial infarction [38].

A major finding of the present investigation was the marked increase in the cleaved caspase-
1/procaspase-1 ratio following I/R. Caspase-1 occupies a pivotal position within canonical
inflammasome signaling because NLRP3 inflammasome assembly promotes recruitment and
autocatalytic activation of procaspase-1 through ASC. Activated caspase-1 subsequently processes
pro-IL-18 and pro-1L-18 into their mature inflammatory forms while simultaneously cleaving
GSDMD [39]. This dual function enables caspase-1 to couple inflammatory cytokine maturation
directly with execution of pyroptotic cell death.

The reduction in caspase-1 activation following MCC950 administration therefore provides an
important mechanistic bridge between upstream NLRP3 inhibition and downstream attenuation of
myocardial injury. If the observed cardioprotection were unrelated to inflammasome signaling,
coordinated suppression of caspase-1 activation would be less readily explained. Instead, the
simultaneous reductions in NLRP3, ASC, and cleaved caspase-1 support sequential inhibition of
the canonical inflammasome pathway.
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These findings are particularly relevant because caspase-1-dependent myocardial injury differs
conceptually from conventional apoptosis. Whereas apoptotic cells generally maintain membrane
integrity during the early stages of cell death, pyroptotic cells undergo gasdermin-dependent
membrane permeabilization, allowing intracellular inflammatory mediators to enter the
extracellular myocardial environment [29,30]. Consequently, activation of caspase-1 after
reperfusion can potentially amplify injury beyond the initially affected cell through the
simultaneous induction of cellular death and inflammatory propagation.

Perhaps the most important mechanistic observation was the substantial increase in myocardial

GSDMD-N following I/R and its suppression by MCC950. GSDMD is now recognized as the
principal pore-forming executioner of canonical pyroptosis. Cleavage by activated caspase-1
releases the N-terminal GSDMD fragment from autoinhibition, permitting its oligomerization
within cellular membranes and formation of transmembrane pores [40]. These pores disrupt ionic
homeostasis, promote cellular swelling and membrane failure, and facilitate extracellular release
of mature IL-1p, IL-18, and other inflammatory intracellular constituents [41].
The present observation that I/R increased both caspase-1 activation and GSDMD-N formation
therefore strengthens the interpretation that the myocardial injury involved genuine activation of
the pyroptotic machinery rather than inflammasome activation alone. Furthermore, the parallel
suppression of GSDMD cleavage following MCC950 treatment indicates that pharmacological
inhibition upstream at NLRP3 was transmitted through the signaling cascade to the terminal
pyroptotic effector.

This interpretation is supported by experimental evidence demonstrating an important role for
GSDMD in myocardial reperfusion injury. GSDMD expression and cleavage increase following
myocardial I/R, and genetic deficiency of GSDMD has been associated with smaller infarcts,
reduced inflammatory responses, improved LVEF and fractional shortening, and attenuated
histopathological myocardial damage [42]. These findings provide independent evidence that
GSDMD s functionally involved in reperfusion injury rather than serving solely as a molecular
indicator of inflammation.

The convergence of the present pharmacological findings with previous genetic observations is
therefore particularly informative. The sequence:

NLRP3 activation — caspase-1 cleavage — GSDMD-N formation — membrane injury and
inflammatory mediator release

provides a biologically coherent mechanism through which reperfusion-associated sterile
inflammation can be converted into irreversible myocardial cell injury [43].

Another important observation was the pronounced elevation of myocardial IL-1p and IL-18
following I/R and the substantial reduction of both cytokines after MCC950 treatment. These
cytokines represent key functional outputs of canonical inflammasome activation. Following
NLRP3 assembly, activated caspase-1 cleaves pro-IL-1$ and pro-1L-18 into biologically active
cytokines that can subsequently exit the cell through GSDMD-generated membrane pores [44].

This process creates an important feed-forward mechanism. Pyroptosis does not simply eliminate
damaged cardiomyocytes or inflammatory cells; it transforms these cells into sources of
inflammatory mediators capable of recruiting and activating neighboring immune and stromal cells.
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IL-1B can enhance endothelial activation, leukocyte recruitment, and additional cytokine
production, whereas 1L-18 contributes to inflammatory immune activation. The simultaneous
release of intracellular DAMPs following membrane rupture may further stimulate pattern-
recognition receptors in surrounding cells, thereby extending inflammatory injury beyond the
initially ischemic cardiomyocytes [45].

Accordingly, the simultaneous reduction in IL-1p, IL-18, GSDMD-N, infarct size, and
histological injury following MCC950 treatment suggests interruption of an inflammatory
amplification loop rather than isolated suppression of cytokine production. This distinction is
important because it places inflammasome-mediated pyroptosis at the intersection of two major
components of reperfusion injury: cardiomyocyte loss and sterile inflammation [46].

The present findings additionally demonstrated substantial oxidative stress after I/R,
characterized by increased myocardial MDA and depletion of endogenous antioxidant defenses,
including SOD activity and GSH. MCC950 treatment reduced lipid peroxidation and partially
restored antioxidant capacity. Mitochondrial ROS generation represents one of the principal
consequences of reperfusion and has been implicated in NLRP3 inflammasome activation.
Damaged mitochondria can generate excessive ROS and release oxidized mitochondrial DNA,
thereby providing intracellular danger signals capable of facilitating NLRP3 assembly [47-49].

The relationship, however, is unlikely to be strictly unidirectional. While oxidative stress can
activate inflammasome signaling, NLRP3-mediated inflammation and pyroptotic membrane injury
can potentially aggravate mitochondrial dysfunction and cellular oxidative damage. The reduction
in MDA and restoration of SOD and GSH observed following MCC950 administration may
therefore reflect interruption of a bidirectional oxidative stress—inflammasome—cell injury circuit.
Nevertheless, the present experimental design does not establish that the antioxidant effect of
MCC950 is exclusively downstream of NLRP3 inhibition. Additional experiments directly
guantifying mitochondrial ROS, mitochondrial membrane potential, oxidized mitochondrial DNA,
and mitochondrial respiratory function would be required to establish the precise temporal
relationship between mitochondrial dysfunction and inflammasome activation [50-57].

I/R produced a marked increase in TUNEL-positive myocardial nuclei, whereas MCC950
significantly reduced DNA fragmentation. This observation provides additional evidence that
NLRP3 inhibition reduced overall myocardial cell injury.

Importantly, however, TUNEL staining cannot distinguish pyroptosis from apoptosis or other
forms of cell death associated with DNA fragmentation. Therefore, the reduction in TUNEL
positivity should not independently be interpreted as evidence that MCC950 specifically inhibited
pyroptosis. The mechanistic evidence for pyroptosis instead derives from the coordinated activation
and pharmacological suppression of NLRP3, caspase-1, GSDMD-N, IL-1p, and IL-18.

This distinction is important because myocardial I/R involves multiple overlapping forms of
regulated cell death, including apoptosis, necroptosis, ferroptosis, and pyroptosis [58]. Pyroptosis
should therefore be considered one component of an interconnected cell-death network rather than
the exclusive mechanism responsible for myocardial injury.

The biological significance of the molecular findings is strengthened considerably by their
concordance with the structural outcomes. I/R produced a large infarct within the area at risk and
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severe histopathological alterations characterized by cardiomyocyte degeneration, edema,
inflammatory infiltration, myofibrillar disruption, and necrosis. MCC950 substantially reduced
infarct size and histological injury despite a comparable area at risk.

The similar ischemic territory between the I/R and I/R + MCC950 groups is particularly
important because it argues against differences in the severity or anatomical extent of coronary
occlusion as an explanation for the observed cardioprotection. Instead, the smaller infarct following
MCC950 treatment suggests that a greater proportion of myocardium exposed to the same ischemic
insult remained viable when NLRP3 signaling was inhibited.

Previous studies have similarly demonstrated that suppression of inflammasome signaling can

reduce myocardial infarct size following I/R [59]. Recent experimental evidence has further shown
improved recovery of left ventricular function and substantial reduction in histological infarct size
with MCC950 after reperfused myocardial infarction, reinforcing the potential importance of
NLRP3-mediated inflammation during early reperfusion injury [60].
The reduction in myocardial injury was accompanied by significant preservation of LVEF and
LVFS. This functional improvement is particularly important because molecular suppression of an
inflammatory pathway has limited translational relevance unless it ultimately preserves myocardial
performance.

In the present study, increased NLRP3 and GSDMD-N expression correlated positively with

infarct size and cardiac troponin concentrations and inversely with LVEF. Although correlation
does not independently establish causality, these relationships reinforce the internal coherence of
the experimental findings: greater inflammasome and pyroptotic activation was associated with
greater myocardial destruction and poorer ventricular function.
Experimental deletion of GSDMD has similarly been shown to reduce infarct size and improve
LVEF and LVFS following myocardial I/R [61]. Moreover, NLRP3 inflammasome activity has
been implicated not only in acute myocardial injury but also in subsequent ventricular remodeling,
suggesting that early suppression of this pathway could theoretically influence both immediate
myocardial salvage and longer-term cardiac outcomes [62].

The present experiment evaluated an acute 24-h endpoint and therefore cannot establish an effect
on chronic ventricular remodeling. Nevertheless, preservation of systolic function during the early
reperfusion period provides a rationale for longer-duration studies assessing ventricular dilatation,
myocardial fibrosis, scar formation, and progression toward heart failure.

When considered collectively, the principal findings support a sequential mechanistic model.

Myocardial ischemia followed by reperfusion generates oxidative and cellular stress capable of
initiating NLRP3 inflammasome activation. Recruitment of ASC facilitates procaspase-1
activation, producing increased cleaved caspase-1. Activated caspase-1 then processes GSDMD to
GSDMD-N while simultaneously promoting maturation of IL-1p and IL-18. GSDMD-N-mediated
membrane pore formation facilitates inflammatory mediator release and contributes to pyroptotic
cellular injury. Continued cytokine and DAMP release can amplify local inflammation, extending
myocardial damage and increasing infarct size. Loss of viable contractile myocardium
subsequently manifests as impaired LVEF and LVFS. This canonical pathway is well supported by
contemporary experimental evidence concerning myocardial pyroptosis [63].
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The present pharmacological intervention provides an additional layer of mechanistic evidence
because inhibition at the upstream NLRP3 level was associated with coordinated downstream
changes:

MCC950 — | NLRP3/ASC signaling — | caspase-1 activation — | GSDMD-N formation — |
IL-1B/IL-18 — | myocardial inflammatory cell injury — | infarct size — preservation of
ventricular function.

It is this concordance across sequential molecular, biochemical, histological, and functional levels,
rather than the reduction in infarct size alone, that constitutes the principal mechanistic finding of
the study.

Although the present findings demonstrate activation of NLRP3-related signaling within

myocardial tissue, whole-tissue measurements cannot determine which cell populations were
principally responsible. NLRP3 signaling after myocardial infarction and reperfusion may occur in
cardiomyocytes, infiltrating macrophages and neutrophils, cardiac fibroblasts, and vascular
endothelial cells [64].
This distinction may be particularly important for interpreting GSDMD-mediated pyroptosis.
Experimental evidence has demonstrated substantial GSDMD activation in macrophages
infiltrating the infarct region, suggesting that inflammatory-cell pyroptosis may contribute
substantially to reperfusion injury [36]. Thus, myocardial GSDMD-N detected in the present study
should not automatically be attributed exclusively to cardiomyocytes.

Future experiments using cardiomyocyte-specific and myeloid-specific NLRP3 or GSDMD
knockout models, combined with multiplex immunofluorescence or single-cell transcriptomic
approaches, would help determine the relative contributions of resident myocardial cells and
infiltrating immune populations.

Current treatment of acute myocardial infarction appropriately prioritizes rapid restoration of
coronary perfusion. However, successful epicardial reperfusion does not completely prevent
myocardial cell death because secondary inflammatory and metabolic injury continues after blood
flow has been restored. Targeting NLRP3-mediated pyroptosis therefore represents a conceptually
attractive adjunctive strategy: conventional reperfusion restores blood flow, while inflammasome
inhibition could potentially limit the secondary inflammatory component of reperfusion injury.

MCC950 is a valuable experimental tool because of its relatively selective inhibition of NLRP3
activation, and preclinical studies have repeatedly demonstrated cardioprotective effects associated
with suppression of this pathway [65]. More broadly, the NLRP3-GSDMD axis is increasingly
being investigated as a therapeutic target across cardiovascular disorders, with potential
interventions directed against NLRP3 itself, caspase-1, GSDMD pore formation, and downstream
inflammatory cytokine signaling [66].

Nevertheless, translation requires caution. The present study used MCC950 as a mechanistic
pharmacological probe and should not be interpreted as establishing MCC950 as a clinically
validated therapy for myocardial infarction. The optimal timing, dose, duration, safety profile, and
therapeutic window for direct NLRP3 inhibition in humans remain incompletely defined.
Furthermore, innate inflammatory signaling also participates in clearance of necrotic tissue and
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myocardial repair, suggesting that excessive or prolonged suppression could theoretically interfere
with beneficial aspects of post-infarction healing.

The therapeutic concept supported by the present findings is consistent with broader clinical
evidence demonstrating that inflammation is a modifiable determinant of cardiovascular outcomes.
However, clinical benefit from downstream anti-inflammatory therapies does not itself prove that
inhibition of cardiomyocyte pyroptosis mediates those benefits. Direct inhibition of the NLRP3-
caspase-1-GSDMD pathway remains predominantly supported by preclinical evidence, and a
substantial translational gap therefore remains between mechanistic animal studies and routine
treatment of reperfused myocardial infarction [68—70].

The present findings support a model in which NLRP3 inflammasome activation acts as a
mechanistic bridge between reperfusion-associated cellular stress and inflammatory myocardial
cell death. The simultaneous activation of NLRP3/ASC, caspase-1, GSDMD-N, IL-1, and 1L-18,
together with their coordinated suppression by MCC950, provides evidence for engagement of the
canonical pyroptotic pathway during myocardial I/R. The accompanying reduction in oxidative
injury, histopathological damage, cardiac biomarker release, infarct size, and ventricular
dysfunction indicates that this molecular pathway has consequences extending from intracellular
signaling to whole-organ function.

Accordingly, the principal implication of this study is not simply that MCC950 reduced
myocardial injury. Rather, the findings support a mechanistically integrated sequence in which:
myocardial I/R — cellular and oxidative stress — NLRP3 inflammasome activation — caspase-1
cleavage — GSDMD-N formation — IL-1B/IL-18 maturation and release —
pyroptotic/inflammatory myocardial injury — infarct expansion — ventricular systolic
dysfunction.

CONCLUSION

The present study demonstrates that myocardial ischemia—reperfusion induces coordinated
activation of the NLRP3-ASC-caspase-1-GSDMD pyroptotic pathway, accompanied by
increased IL-1B and IL-18 production, oxidative stress, cardiomyocyte injury, myocardial
infarction, and impaired left ventricular systolic function. Pharmacological inhibition of NLRP3
with MCC950 attenuated caspase-1 activation and GSDMD cleavage, suppressed inflammatory
cytokine production, reduced myocardial structural and biochemical injury, limited infarct size,
and preserved ventricular function. These findings support a mechanistic link between NLRP3
inflammasome activation and pyroptotic cell injury during myocardial reperfusion and identify the
NLRP3-caspase-1-GSDMD axis as a promising therapeutic target for limiting reperfusion-
associated myocardial damage. Further studies incorporating genetic validation, both sexes, longer
follow-up, and treatment initiated at or after reperfusion are warranted to establish the translational
potential of targeted inflammasome inhibition in acute myocardial infarction.
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GRAPHICAL ABSTRACT

NLRP3 Inflammasome Inhibition with MCC950 Attenuates Pyroptotic Myocardial Injury
and Improves Ventricular Function After Ischemia-Reperfusion Injury

Mechanistic Evidence for the NLRP3-Caspase-1-GSDMD Axis in Myocardial Ischemia—Reperfusion Injury

BACKGROUND RESULTS
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CONCLUSION: Myocardial I/R triggers coordinated activation of the NLRP3-caspase-1-GSDMD pathway, leading to pyroptosis, inflammatory cytokine
release, and myocardial injury. Pharmacological inhibition of NLRP3 with MCC950 suppresses this axis, reduces infarct size, and preserves
ventricular function. Targeting the NLRP3-caspase-1-GSDMD axis represents a promising therapeutic strategy against myocardial reperfusion injury.
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